Purpose: To explore the effect of miR-449a inhibits migration and invasion by targeting Notch1 and regulating epithelial-mesenchymal transition (EMT) in hepatocellular carcinoma (HCC), and further study on the molecular mechanism. Patients and methods: The expression of miR-449a and Notch1 in HCC cells and tissues was detected by qRT-PCR. The HCC cell line HCCLM3 and SMMC-7721 were transfected with miR-449a. The invasion and migration of HCC cell lines were detected by transwell assay and wound healing assay. The Notch pathway and EMT related protein were detected with Western Blotting. The specific binding site of mir-449a on notch1 gene was detected by luciferase assay. Results: We found the expression of miR-449a was related to short-term recurrence of hepatocellular carcinoma after hepatectomy and acted as independent risk factors of DFS and OS. The expression of miR-449a decreased in tumor tissues and HCC cell lines, but the expression of Notch1 increased. The overexpressed miR-449a promoted the invasiveness in vitro by regulating EMT via Notch pathway. Mechanically, miR-449a inhibited the translation of Notch1 protein by binding to 3ʹ UTR of its mRNA directly. Conclusion: miR-449a is short-term recurrence-related miRNA and inhibits the invasion and metastasis ability of HCC cells by regulating EMT via Notch pathway. miR-449a may be a new effective therapeutic target for HCC.
Introduction
Hepatocellular carcinoma (HCC) is the fifth most common malignancy in the world and the second leading cause of cancer death. 1 At present, the main treatment of HCC is surgical resection, transplantation, radiofrequency ablation (RFA) and transcatheter arterial chemoembolization (TACE). But the recurrence and metastasis rate is still high. [2] [3] [4] Therefore, it is essential to study the molecular mechanisms that affect the invasion and migration of HCC. Related studies have shown that Epithelial-Mesenchymal Transition (EMT) is a key factor in tumor migration and invasion. 5 The transition of tumor from epithelial to mesenchymal was accomplished by loss of cell adhesion and changed expression of mesenchymal markers such as E-cadherin and vimentin, and increased invasive ability of tumor cells. MicroRNA binds to target mRNA by identifying specific site then exerting regulation of post-transcriptional level. [6] [7] [8] The miR-449a which located in the first intron of cdc20b, chromosome 5q11, were decreased in a variety of tumor. It can inhibit invasion and migration of many tumors such as gastric cancer, lung cancer, nasopharyngeal cancer, etc. [9] [10] [11] [12] [13] [14] Related study found that the expression of miR-449a was decreased in HCC, and inhibited metastasis through targeted FOS and Met. 11 In addition, it can induce apoptosis of HCC by targeting Calpain6 and POU2F1, 15 and inhibit the proliferation, migration, and invasion of HCC by targeted ADAM10. 16 However, the biological function of miR-449a which can inhibit invasion and migration of HCC cell by regulating Notch pathway has not been reported, and the molecular mechanism of miR-449a directly targeting Notch1 in HCC cell is not fully elucidated.
In this study, we demonstrate that miR-449a can inhibit invasion and migration of HCC cells in vitro and in vivo through inactivating Notch pathway by directly targeting notch1. Therefore, the data implicate miR-449a as a target of therapy for metastasis of HCC.
Materials and Methods microRNA Sequencing
Total RNAs from 8 HCC tissue samples with short-term recurrence (STR, recurrence in 6 months) and 8 HCC samples without recurrence were pooled, respectively, and then sent to Beijing Genomics Institute (Shenzhen, China) for miRNAs sequencing. The analysis was made on Illumina HiSeq2000 platform (Illumina Inc., San Diego, CA, USA). Comparisons were made between the sequencing results and the Homo Sapiens microRNA precursor in miRbase database (if there was no microRNA precursor in the miRbase, the mature microRNA sequence was used) to obtain the quantity of microRNA in HCC samples.
Tissue Samples and Patient's Follow-Up
A total of 50 consecutive patients with HCC, who underwent hepatectomy at the Affiliated Hospital of Qingdao University between January 2011 and December 2012, were enrolled in this study. All patients were followed-up every month during the first half-year and at least every 3-4 months thereafter. The mean follow-up period that ended on June 30th 2018 was 76.1 months. All tissue samples were immediately added with RNAlaterTM (Beyotime Biotechnology, Shanghai, China) after resection and stored at 80°C until required. This study was approved by the Research Ethics Committee of the Affiliated Hospital of Qingdao University, and written informed consent was obtained from all patients. Instrument with Notch1 (forward: 5ʹ-CGGGTCCACCAGT TTGAATG-3ʹ; reverse: 5ʹ-GTTGTATTGGTTCGGCAC CAT-3ʹ) and β-actin (forward: 5ʹ-CACCATGAAGATCA AGATCATTGC-3ʹ; reverse: 5ʹ-GGCCGGACTCATCGT ACTCCTGC-3'). The relative expression of miR-449a was normalized to U6 and the expression of Notch1 was normalized to β-actin by using 2-△△Ct method.
Luciferase Reporter Assay
The wild type and mutant 3´untranslated region (3´UTR) of Notch1 were synthesized by GenePharma (Jiangsu, China), and inserted into downstream of the cytomegalovirus promoter in a pMIR-REPORT vector. For the luciferase reporter assay, SMMC-7721cells were cultured in the 96-well plate at 50-60% confluence before transfection. Co-transfections of Notch1 3´UTR plasmid with lenti-miR-449a or lenti-miRcontrol into SMMC-7721 cells were accomplished with Lipofectamine 2000 (Invitrogen, CA, USA). Luciferase activities were determined 48 hrs after transection using a Dualluciferase Reporter Analysis System (Pro-mega, WI, USA).
Transfection
Human miR-449a mimic, negative control (NC mimic), miR-449a inhibitor and negative control (NC inhibitor) were synthesized by GenePharma (Jiangsu, China). 
Western Blot Assay
Total protein of cell was extracted and protein concentration was measured using the BCA (bicinchoninic acid) protein quantitation kit (Thermo Fisher Scientific, MA, USA). A total of 20μg protein from each sample were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then transferred onto 0.45 μm polyvinylidene difluoride membranes (Bio-Rad Laboratories, CA, USA). Then, the membranes were incubated with primary antibodies overnight at 4°C. The primary antibodies for Notch1 (D1E11; #3608s; 1:1000 dilution), E-cadherin (4A2; #14472s; 1:1000 dilution), Vimentin (D21H3; #5741s; 1:1000 dilution), Cleaved Notch1 (Val1744; D3B8; #4147; 1:1000 dilution), c-Myc (D3N8F; #13987; 1:1000 dilution) and β-actin (8H10D10; #3700s; 1:1000 dilution) were purchased from Cell Signaling Technology (Danvers, MA, USA). The membranes were incubated with secondary horseradish peroxidase (HRP)-conjugated goat anti-mouse (ab6789, 1:10,000 dilution, Abcam, Cambridge, UK) and goat anti-rabbit antibodies (ab6721, 1:10,000 dilution, Abcam, Cambridge, UK) at room temperature for 2 hrs. The bands were detected using an enhanced chemiluminescence reagent and visualized with a Fusion FX7 System (Vilber Lourmat, France). ImageJ software was used to calculate the intensity (gray value) of each protein band, which was normalized to that for GAPDH.
Statistical Analysis
Data were analyzed using GraphPad Prism 6.0 software (San Diego, CA, USA). Quantitative variables were expressed as mean SD, and analyzed by Student´s t-test and one-way ANOVA. Experimental results are independently repeated three times and P<0.05 was considered statistically significant.
Results

Small RNA Sequencing
To explore the significance of miRNAs in HCC tissue with recurrence in 6 months, small RNA high-throughput sequencing was performed to compare the miRNA expression patterns between recurrence group and nonrecurrence group. We found that miR-449a was one of the significantly downregulated miRNAs in HCC tissues with recurrence in 6 months ( Figure 1A ).
The Association of Clinicopathologic Characteristics and miR-449a Expression with STR
The basic characteristics of the patients in the STR and non-STR groups are shown in Table 1 17 that our team have reported it in a paper about miR-21 and STR. There was no significant difference between the two groups. But the relative expression of miR-449a was significantly lower in the STR group (≤6 months) than in non-STR group (3.59 ± 0.63 vs 5.43 ± 0.47, P < 0.05, Figure 1A ).
The Expression of miR-449a and Notch1 in HCC Cell Lines and Patient Samples
We found Notch1 was target gene of miR-449a with poorly conserved consequence by using the Target Scan Human Database (http://www.targetscan.org). To study the Figure 1B) .
The expression of miR-449a decreased and the expression of Notch1 increased in HCC tissues compared with adjacent nontumor tissues ( Figure 1C) . Moreover, the expression of miR-449a in SMMC-7721 and HCCLM3 was comparatively lower than in hepatocyte and other HCC cell lines ( Figure 1D ). But the expression of Notch1 in SMMC-7721 and HCCLM3 was comparatively higher ( Figure 1D ). These results show that the expression of miR-449a and Notch1 in SMMC-7721 and HCCLM3 were consistent with HCC tissues.
Univariate and Multivariate Analysis of DFS and OS (Cox Risk Regression Model)
The factors that may influence HCC recurrence were individually included in the Cox proportional hazard model for univariate analysis ( Table 2 ). The results showed that miR449a expression (P< 0.001) and pathologic differentiation (P=0.016) significantly affected postoperative recurrence of HCC. However, miR-449a expression was the only independent risk factors for recurrence. (P=0.001)
The factors that influenced HCC survival were also individually included in the Cox proportional hazard model for univariate analysis ( Table 3 ). The miR-449a expression (P= 0.008) and pathologic differentiation (P=0.033) significantly affected postoperative recurrence of HCC. However, miR-449a expression was the only independent risk factors for recurrence. (P=0.014)
miR-449a Inhibits Migration and Invasion in HCC Cell Lines
To determine whether miR-449a overexpression can suppress HCC cells migration and invasion, we transfected two HCC cell lines with miR-449a mimic and NC mimic. The metastasis ability of HCC cell lines was detected by transwell migration and invasion assay. The miR-449a upregulation reduced SMMC-7721 and HCCLM3 cells invasion and migration compared with control group (P<0.05) (Figure 2) .
To determine the role of miR-449a knockdown in the HCC cells in vitro, we transfected two HCC cell lines with miR-449a inhibitor and NC inhibitor. The cell migration and invasion analysis using a transwell assay suggested that miR-449a depletion in SMMC-7721 and HCCLM3 cells increased cell migration and invasion ( Figure 2 ).
miR-449a Targets Notch1 via Binding to Its 3´UTR
We predicted the possible downstream target genes of miR449a with two bioinformatics algorithms (TargetScan 7.0 and miRanda) and found that Notch1 fit our criteria and 3´UTR of Notch1 contains a conserved binding site for miR-449a ( Figure 3A) . The Notch1 as a direct target of miR-449a was validated by luciferase reporter assay in SMMC-7721 cells. Overexpression of miR-449a in SMMC-7721 cells caused a significant decrease in luciferase activity transfected with the reporter plasmid with Wt-Notch1-3´UTR, but not MutNotch1-3´UTR ( Figure 3B ). To further confirm that miR-449a targets Notch1, NC mimics, miR-449a mimics, NC inhibitor and miR-449a inhibitor were transfected into SMMC-7721 and HCCLM3 cells. Compared with cells transfected with NC mimics, the expression of miR-449a was significantly higher in SMMC-7721 and HCCLM3 transfected with miR-449a mimics. On the contrary, the expression of miR-449a in SMMC-7721 The relative levels of Notch1 mRNA were up-regulated after being transfected with miR-449a inhibitor and were down-regulated in miR-449a mimics group compared with their own NC vector in both cell lines. (E, F) The expression levels of Notch1 protein were up-regulated after being transfected with miR-449a inhibitor while was down-regulated in miR-449a mimics group compared with their own NC vector in SMMC-7721(E) and HCCLM3(F). *p<0.05, **p<0.01, and ***p<0.001 compared with the control group.
and HCCLM3 transfected with miR-449a inhibitor was lower than cells transfected with NC inhibitor ( Figure 3C) . Meanwhile, the expression of Notch1 in SMMC-7721 and HCCLM3 transfected with miR-449a mimics was lower than that with NC mimics. And the expression of Notch1 in SMMC-7721 and HCCLM3 transfected with miR-449a inhibitor increased significantly compared with NC inhibitor group ( Figure 3D and E).
miR-449a Affected Migration and Invasion of HCC Cell Lines by Regulating EMT
To further study the role of miR-449a in HCC migration and invasion, we detected the E-cadherin and vimentin which are classical EMT related protein. According to the Western blot analyses, the overexpressed miR-449a in SMMC-7721 and HCCLM3 cells significantly enhanced the expression of E-cadherin and reduced vimentin compared with NC mimic. On the contrary, knockdown of miR-449a significantly reduced the expression of vimentin and activated E-cadherin compared to NC inhibitor (Figure 4) . These results suggested that miR-449a inhibits the migration and invasion by regulating the EMT proteins.
miR-449a Affected Notch Signaling Pathway in HCC Cells
As shown in Figure 5 , in order to uncover the mechanism of miR-449a and EMT, Cleaved Notch1 and c-Myc were detected by Western blot assays. In SMMC-7721 and HCCLM3, the assay showed miR-449a mimic significantly decreased the expression of Cleaved Notch1 and c-Myc, while miR-449a inhibitor promoted them ( Figure 5 ). Together these data suggest that miR-449a plays a crucial role in regulating Notch1 in hepatocellular carcinoma, as illustrated in Figure 6 .
Discussion
In this study, we have screened a group of miRNAs related to postoperative STR by RNA sequencing and miR-449a was one of them. The clinicopathological characteristic factors that related to prognosis of HCC in STR and non-STR groups have no significant difference. There is a strong possibility that the differentially expressed HCC-related genes in the STR group lead to increased invasiveness of tumors. Moreover, we found that MiR-449a expression was also significantly lower in tumor tissue than in adjacent tumor tissue. Importantly, miR-449a was independent risk factor for DFS and OS of HCC. Furthermore, overexpression of miR-449a promoted the invasiveness in vitro by regulating EMT via Notch pathway. Mechanically, miR449a inhibited the translation of Notch1 protein by binding to 3ʹ UTR of its mRNA directly. This study demonstrated that miR-449a affected prognosis of HCC and inhibited invasion by regulating Notch1 expression. The miR-449a were highly expressed in human normal tissues, such as lungs, 1 testis, and trachea 18 and usually decreased in various malignant tumors, such as prostate cancer, 19 gastric cancer, 20 and bladder cancer. 21 We found that the expression of miR-449a in HCC tissue was significantly lower than that in normal liver tissue, and its expression level in HCC cell line was also lower than that in normal hepatocytes. The low-level expression of miR-449a was reported to be associated with short disease-free survival of patients with HCC and independent prognostic factor for poor survival of patients with HCC.
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In this study, we observed that miR-449a was not only an independent risk factor for poor prognosis of HCC patients but also a short-term recurrence-related miRNA. The result suggested that the HCC cells with low expression of miR-449a probably have quite high malignancy degree that leads to recurrence within 6 months after surgery. The migration and invasion ability of HCC are the main factors that affect recurrence and prognosis after surgical resection. [22] [23] [24] Some research found that miR449a can inhibit the migration and invasion of HCC cells. 11, 16, 25 We also found that overexpressed miR-449a
inhibited the migration and invasion of HCC cells and miR-449a knockdown promoted migration and invasion. Our data are in line with the previous reports that miR449a has such a similar ability. In HCC, there are some target genes regulated by miR-449a such as FOS, C-MET, and ADAM10. 11, 16 We made a prediction of Notch1 as a potential target gene of miR-449a with miRNA Database. However, there is no report about mechanism study on miR-449a-Notch1 signal axis in the migration and invasion of HCC cells. The notch family is composed of a single transmembrane receptor, after interacting with ligands DLL1, 3, 4 and Jagged1-2, the proteins are hydrolyzed, dissected and translocated into the nucleus to activate target gene transcription in mammals. 26 Based on the prediction of the binding sites of miR-449a and Notch1 genes, we performed a luciferase reporter assay which demonstrated that miR-449a can bind specifically to the wild-type Notch1 gene. The results showed that miR-449a could inhibit the expression of Notch1 protein by regulate Notch1 mRNA directly. Moreover, we also found that the expression of notch1 in HCC tissues and HCC cell lines was higher than that in normal liver tissues and hepatocytes. These results suggest that there may be a negative correlation between miR-449a and Notch1 in HCC. Figure 6 The mechanism of miR-449a in regulating Notch Signaling Pathway.
Notch1 is involved in a variety of tumor processes, including cell proliferation, apoptosis, metastasis, EMT and angiogenesis. [27] [28] [29] In addition, the EMT and Notch1 signaling activations mediated by CD24 were elucidated as potential mechanisms of HCC promotion. 30 Our previous study also found that the activation of Notch pathway can promote invasion and migration of HCC by regulating EMT. 31 In the present study, we found that the expression of E-cadherin increased and the expression of Vimentin reduced in miR-449a group. On the contrary, the expression of Vimentin was increased and E-cadherin reduced in miR-449a inhibitor group. Both E-cadherin and vimentin were pivotal EMT related proteins. c-Myc, a conventional transcriptional factor, plays an important role in the regulation of many biological processes including cell proliferation, apoptosis, and cell metabolism. In our study, we have Western blot assays to confirm that miR-449a could suppress Cleaved Notch1 and c-Myc. The results above suggest that miR-449a-Notch1 signaling pathway affected the migration and invasion by regulating EMT in HCC cells.
In conclusion, our finding shows for the first time that miR-449a is short-term recurrence-related miRNA which reflects the malignancy degree of HCC. We also found a novel miRNA regulating mechanism for migration and invasion in HCC via Notch pathway. These results suggest that miR-449a may be a new effective therapeutic target for HCC patients with short-term recurrence after hepatectomy in the future.
